Abstract Essential hypertension (EH) and its complications have had a severe impact on public health. However, the underlying mechanisms of the pathogenesis of EH remain largely unknown. Recent investigations, predominantly in rats and mice, have provided evidence that dysregulation of distinct functions of T lymphocyte subsets is a potentially important mechanism in the pathogenesis of hypertension. We critically reviewed recent findings and propose an alternative explanation on the understanding of dysfunctional T lymphocyte subsets in the pathogenesis of hypertension. The hypothesis is that hypertensive stimuli, directly and indirectly, increase local IL-6 levels in the cardiovascular system and kidney, which may promote peripheral imbalance in the differentiation and ratio of Th17 and T regulatory cells. This results in increased IL-17 and decreased IL-10 in perivascular adipose tissue and adventitia contributing to the development of hypertension in experimental animal models. Further investigation in the field is warranted to inform new translational advances that will promote to understand the pathogenesis of EH and develop novel approaches to prevent and treat EH.
Introduction
Essential hypertension (EH) is a common complex trait resulting from the interaction of genetic, epigenetic, and environmental factors with aging [1] . Worldwide, about 20 % of adults (~1 billion people) suffer from hypertension, defined as blood pressure ≥140/90 mmHg [2] . More than 95 % of hypertensive patients have hypertension of unknown origin, called EH, and most of them display no symptoms [1] . Once a patient is diagnosed with EH, lifelong treatment is usually required [1] . These characteristics lead to a high prevalence of poor control of hypertension. More than half of hypertensive patients under treatment do not achieve the target levels of blood pressure control recommended by current guidelines [3] . Sustained uncontrolled high blood pressure results in target organ damage, including the kidney, brain, and heart. EH has been clearly documented as a major risk factor for myocardial infarction, heart failure, stroke, and renal failure, contributing to more than 7 million deaths annually [2] .
During the past few decades, significant progress has been made in our understanding of the pathogenesis of EH. We have long known that short-and long-term blood pressure regulation involves the integrated actions of renal, neural, endocrine, and vascular control systems. Blood pressure can be elevated in the short term by enhanced intrarenal or extrarenal factors that lead to reduced glomerular filtration rate or increased renal tubular reabsorption of salt and water; excessive activation of the sympathetic nervous system; the renin-angiotensin II (Ang II)-aldosterone pathway; endothelin and its receptor A signaling in vascular smooth muscle; and impaired signaling pathways that produce vasodilation. However, which specific factor(s) are involved in the initiation of hypertension and also in the secondary response that is responsible for long-term blood pressure elevation remains largely undefined [4] . Recent intensive research in genetics offers opportunities to discover gene-environment interactions that may contribute to EH [5, 6, 7, 8] ; however, so far, success has been limited mainly to identification of rare monogenic forms of hypertension. The vast majority of the genetic contribution to EH remains unexplained [9• ]. Therefore, the exact etiology and pathogenesis of EH are still largely unknown. Currently, the treatment of EH is based on four major classes of antihypertensive medicine: blockers of the renin-angiotensin-aldosterone system, beta-adrenoreceptor antagonists, calcium channel blockers, and diuretics. Daily administration is essential, and none provides a long-term effective therapy for specific EH patients. Therefore, it has proved difficult for physicians to generate precise profiles for individual patients for the purposes of identifying specific therapies and predicting prognosis. Advanced research is urgently needed to understand the etiology and pathogenesis of EH and discover a new class of drug to fight against this common complex chronic disease. In the past 8 years, investigations on the role of CD4 + T lymphocytes (T cells) in hypertensive rat and mouse models have shown promise to make a breakthrough in understanding the pathogenesis of hypertension. The findings combined with a limited data from human hypertension research provide an important clue to gain insights in the pathogenesis of EH and will promote to identify novel targets for the effective prevention and treatment of EH.
Role of T Cells in the Pathogenesis of Hypertension
Five decades ago, several investigators raised the concept that activation of T cells might participate in the development of hypertension. Grollman et al. [10, 11] found that immunosuppression targeted toward adaptive immunity blunted hypertension and that transfer of lymphocytes from hypertensive rats induced by renal infarction led to the development of hypertension in control animals. Several studies showed that lymphocyte depletion by thymectomy or anti-lymphocyte serum prevented or blunted the development of hypertension in deoxycorticosterone acetate (DOCA)-salt hypertension [12] , Lyon hypertensive rats [13] , hypertensive NZB mice [14] , mice with partial renal infarction [15] , and spontaneously hypertensive rats (SHR) [16] . In contrast, Ba et al. [17] found that depression of T cell function led to hypertension in SHR. They transplanted the thymus grafts or extracts from Wistar-Kyoto (WKY) rats to SHR, which led to a decrease in blood pressure in SHR. This was supported by administration of interleukin-2, a T cell growth factor, which prevented the development of hypertension in the young SHR and lowered blood pressure in hypertensive adult SHR [18] . Although these data clearly documented that the dysfunction of T cells is involved in the development of hypertension, further investigations on this subject have been limited in the last decade due to conflicting results on the effect of T cells in the development of hypertension.
With advances in immunology and genetic technology in recent years, the role of T cells in the pathogenesis of hypertension has re-attracted attention and interest of the researchers. In the early 2000s, Rodruiguez-Iturbe et al. found that immunosuppression with mycophenolate mofetil, which mainly targets B lymphocytes (B cells) and T cells, attenuated hypertension in SHR [19] and salt-induced hypertension after Ang II infusion [20] . The pioneering study from Dr. David Harrison's group showed convincing evidence that functioning T cells participate in the development of Ang II and DOCA-salt-induced mouse hypertension. They found that the mice lacking recombinase-activating gene-1 (Rag-1), which cannot generate functional T cell receptors or B cell antibodies and thus lack both T and B cells, were resistant to the development of hypertension in response to either chronic Ang II infusion or DOCA-salt challenge. Adoptive transfer of effector T cells, but not B cells, restored hypertensive response to these various stimuli [21] . In wild-type mice, Ang II increased circulating markers of effector memory T cells (e.g., CD69
+ , CCR5 + , and CD44 hi ). In addition, unlike atherosclerosis, T cells (mostly CD4 + cells, fewer CD8 + cells) were accumulated in the perivascular adipose tissue (PVAT) of the aorta rather than around the endothelial layer [21] . Subsequent studies from this group displayed that Rag-1-null mice did not develop stress-induced hypertension, and the hypertensive response to the stimulus was restored by adoptive transfer of effector T cells from control mice [22] . These findings were supported by data from Crowley et al., who detected the hypertensive response to Ang II in mice that have severe combined immunodeficiency. These mice have a genetic abnormality leading to lack of T cells or B cells, in a scenario similar to Rag-1 knockout mice. These mice blunted Ang IIinduced hypertension and increased sodium excretion and urine volumes compared with control mice [23] .
Further support for the role of T cells in hypertension came from Mattson et al. who showed that deletion of the Rag-1 gene in Dahl salt-sensitive rats using zinc finger nuclease technology attenuated salt-induced hypertension [24] . Moreover, transfer of CD4 + cells from rats with preeclampsia to normal pregnant rats elevated blood pressure in the recipient rats [25] . All these data provide strong evidence to support the concept that activation of T cells contributes to the development of different forms of hypertension in mice and rats.
To determine whether T cell activation in this process needs to activate antigen presentation cells and costimulation, Vinh et al. [26] exhibited evidence that costimulation is essential for T cell activation-induced hypertension. They showed that Ang II increased dendritic cell activation. Blockage of T cell costimulation using CTLA4-Ig, a CD28 interaction with B7 ligand inhibitor, or genetic deletion of molecules involved in the B7/CD28 costimulation axis prevented T cell activation, T cell cytokine production, and vascular T cell accumulation and decreased Ang II and DOCA-salt-induced hypertension [26] .
It is well known that the central nervous system (CNS) contributes to the development of hypertension. To document whether the CNS mediates hypertensive stimuli-induced T cell activation, Dr. Harrison's group has carried out a series of investigations. They found that tissue-specific deletion of extracellular superoxide dismutase in the circumventricular organs increased reactive oxygen species levels, enhanced sympathetic nervous activity, and slightly elevated basal blood pressure [27] . Infusion of Ang II at a sub-pressor response dose into these knockout mice led to a significantly elevated blood pressure and T cell accumulation in the aorta [27] . These results were confirmed by their following study, which generated an electrolytic lesion in the anteroventral third cerebral ventricle (AV3V). Mice with the lesion blunted Ang IIinduced T cell activation and aortic infiltration and blood pressure elevation [28] , suggesting that Ang II-induced T cell activation is mediated by the central sympathetic system rather than having a direct effect on T cells to participate in the development of hypertension. Mice with AV3V lesions infused with norepinephrine become hypertensive and exhibited T cell activation and aortic infiltration [28] . This supports the concept that sympathetic drive and its attendant release of norepinephrine likely mediates T cell activation and hypertension. These results place an emphasis on the crucial role of the CNS in mediating the T cell activation that leads to hypertension. Prior studies by Ganta et al. [29] demonstrating enhanced sympathetic nerve activity to the spleen and increased expression of multiple cytokines in the spleen by intracerebroventricular infusion of Ang II support this conclusion. Recently, Zhang et al. [30] showed that selective deletion of Ang II receptor in mouse T cells using Cre-lox technology failed to prevent the development of hypertension induced by Ang II. These results rule out the direct role of Ang II in T cell activation-induced hypertension and indirectly support the concept that Ang II activates T cells through the CNS. In addition to the important role of the CNS, peripheral mechanisms may also contribute to T cell activation and vascular inflammation. Administration with hydralazine to normalize blood pressure and prevent T cell activation and vascular inflammation induced by Ang II infusion suggests that T cells may respond to high blood pressure [28] .
Role of Specific T Cell Subsets and Their Cytokines in Hypertension
While T cells have clearly been shown to contribute to the development of hypertension as discussed above, these studies did not examine the role of specific subsets of T cells and their cytokines in hypertension. During development in lymphoid tissues, CD3 + T lymphocytes mature into either CD4 + or CD8 + single-positive cells and leave the thymus and become immunocompetent. In response to combined stimulation with antigens, costimulators, and particular cytokines, naïve CD4 + T helper (Th) cells can be differentiated into Th1, Th2, and Th17 effector cells or T regulatory lymphocytes (Tregs). Th1-polarized cells secrete signature cytokines, including interferon gamma (IFN-γ), interleukin (IL)-2, tumor necrosis factor-alpha (TNF-α), and TNFβ. Th2 cells generate IL-4, IL-5, IL-10, and transforming growth factor-β (TGF-β). Th17 cells produce IL-17, and Tregs secrete IL-10. CD8 + T cells differentiate into cytotoxic (T c ) cells that produce perforin, granzyme B, IFN-γ, and TNF-α [31, 32] .
T Effector Cells and Their Cytokines in Hypertension
It has been shown that Ang II infusion into rats led to an increase in pro-inflammatory Th1 phenotype, as indicated by increased Th1 cytokine IFN-γ production [33, 34] and a decrease in Th2-mediated responses, including IL-4 production. These effects can be blocked by an Ang II receptor 1a antagonist [34] . Although increased IFN-γ seems not to be required for blood pressure elevation [35] , an expanded Th1 cell number would increase TNF-α production. Administration of a TNF-α antagonist, etanercept, prevented Ang IIinduced hypertension and fructose-fed-mediated hypertension [21, 36] . In addition, there are several chemokine receptors characteristically found on the surface of Th1 cells, one of which is C-X-C chemokine receptor type 6, which interacts with the chemokine ligand 16. Chemokine ligand 16 deficiency has been shown to suppress infiltration of macrophages and CD3 + T cells in the kidneys of Ang II-treated mice [37] . Therefore, polarized Th1-mediated responses may contribute to the pathogenesis of hypertension.
Th17 cells are a new subset of CD4 + cells and produce cytokine IL-17, contributing to autoimmune disease and cardiovascular disease [38, 39] . Though they originally were thought to develop independently of the Th1 or Th2 lineages, recent research has shown flexibility in their late developmental programming, demonstrating overlap with Th1 cells [40] . Increased local IL-6 levels with TGF-β promote CD4 + naïve T cell differentiation into Th17 cells [39] , and IL-17 has been demonstrated to contribute to a vascular inflammatory response and is an important mediator of Ang II-induced hypertension. Madhur et al. [41] showed that Ang II-induced hypertension is closely related to increased Th17 cells and IL-17 production. In their study, IL17-null mice receiving chronic infusion of Ang II displayed a similar increase in blood pressure to wild-type mice in the first 7 days (both basal 120 vs.~162 mmHg), but after 1 week of treatment, elevated blood pressure was markedly reduced in IL17-deleted mice compared with control at the end of 4-week Ang II infusion (~150 vs.~170 mmHg) [41] . The vessels from IL17-null mice exhibited preserved vascular function, reduced superoxide production, and decreased aortic T cell infiltration by 4-week Ang II infusion [41] . Thus, IL-17 seems to be a critical cytokine that participates in maintenance of hypertension. In addition, IL-17 has been shown to induce chemokines and adhesion molecules in tissues that may promote tissue accumulation of other inflammatory cells (e.g., macrophages) [41] . In another study, IL-17 infusion to C57BL/6 mice significantly increased systolic blood pressure and decreased NOmediated vessel relaxation [42] . Th17 cell activation was also associated with DOCA-salt-induced hypertension in rats. Treatment of these DOCA-salt hypertensive rats with an anti-IL-17 antibody reduced hypertension [43•] . Moreover, high-salt diet can induce Th17 cell development through the p38/MAPK pathway in mice [44] . Taken together, these data suggest that Th17 cells, by releasing IL-17, play an important role in T cell activation-mediated hypertension.
T Regulatory Cells and Their Cytokines in Hypertension

CD4
+ naïve T cells can also differentiate into a small proportion of Tregs, including natural and inducible Tregs [45] . Natural Tregs develop in the thymus and constitute the majority of circulating Tregs, and inducible Tregs differentiate from conventional CD4 + T cells in peripheral tissues in response to antigens and cytokines. Increased local IL-6 levels in concert with TGF-β suppress CD4 + naïve T cell differentiation into Tregs [46] . Tregs express transcription factor forkhead box P3 (Foxp3) and surface marker CD25. Mice with genetic deletion of FoxP3 led to a loss of Tregs and displayed a severe, fatal lymphoproliferative disorder. Tregs are able to inhibit innate and adaptive immune responses to various stimuli, including autoantigens and infectious agents; thus, they play an important role in the maintenance of normal peripheral immune homeostasis and self-tolerance to protect from autoimmune diseases [47] .
The identification of Tregs as a novel regulator of hypertension initially came from studies by Dr. Schiffrin's group [48] . They used consomic rats harboring the Dahl saltsensitive genome with a substitution of chromosome 2 of the Brown Norway normotensive strain. Chromosome 2 contains quantitative trait loci for hypertension and pro-inflammatory genes. The authors showed that consomic rats had reduced blood pressure, reduced vascular hypertrophy, reduced aortic T effector cell infiltration, and increased aortic Tregs, as evidenced by elevated Foxp3 expression and increased activity of CD4 + CD25
+ and CD8 + CD25 + lymphocytes compared to Dahl salt-sensitive rats. The genetic substitution in the consomic rats resulted in increased local production of antiinflammatory cytokines, IL-10, and TGF-β, induced by Tregs compared with that of the Dahl salt-sensitive rats. These findings indicate that Tregs could mitigate vascular inflammation and blood pressure elevation in the consomic animals [48] . Further studies from the same group support the concept that Tregs modulate hypertension and end-organ damage. Barhoumi et al. [49•] showed that Ang II infusion increased systolic blood pressure by 43 mmHg and caused a 43 % reduction in Foxp3+ cells in mouse renal cortex. Adoptive transfer of Tregs in C57BL/6 mice reduced Ang II-induced high blood pressure by~10-15 mmHg using a telemetric measurement, which was accompanied by decreased vascular oxidative stress, macrophage, and T cell infiltration in the aortic adventitia and PVAT, and reduced plasma IFN-γ, IL-6, and TNF-α levels. In another study, Kasal et al. [50] demonstrated that adoptive transfer of Tregs prevented aldosterone-induced vascular injury and tended to decrease aldosterone-induced hypertension. Studies from other groups showed similar results. Kvakan et al. [51] showed that adoptive transfer of Tregs ameliorated Ang II-induced cardiac damage, but failed to show reduction in Ang II-induced hypertension. In contrast, Matrougui et al. [52] reported that intraperitoneal injection of Tregs three times a week for 2 weeks reduced Ang II-induced mean arterial blood pressure by~12-15 mmHg. The Treg injection completely reversed Ang-II-decreased Treg cell numbers and IL-10 levels. The infusion also markedly reduced Ang II-induced vascular macrophage infiltration and TNF-α expression, and ameliorated coronary arteriolar endothelial dysfunction. The discrepancies in the effect of adoptively transferred Tregs on pressor agonist-stimulated blood pressure elevation in different groups could be due to variations in the amount and frequency of the Treg transfer and a limited role in reduction of blood pressure caused by Tregs alone.
Tregs are thought to exert their anti-inflammatory function through production of IL-10, although other mechanisms are also involved [53, 47] . IL-10 possesses a potent antiinflammatory property, including suppression of IL-6 and TNF-α, and a cardiovascular protective role in hypertension. Didion et al. [54] showed that carotid arteries from IL-10-null mice exposed to Ang II produced significant endothelial dysfunction and increased vascular superoxide, while arteries of wild-type mice showed a minor effect. Kassan et al. [55] transferred cultured Tregs isolated from control mice into hypertensive IL-10-null mice, which reduced systolic blood pressure and NADPH oxidase activity and improved endothelium-dependent mesenteric artery relaxation. Treatment with IL-10 in Ang II-induced hypertensive mice had a similar effect. In contrast, transfer of Tregs from IL-10 knockout mice into Ang II-induced hypertensive mice failed to reduce blood pressure and ameliorated endothelial dysfunction. Chatterjee et al. [56] provided further evidence that IL-10 contributes to the development of hypertension. They showed that pregnant IL-10 knockout mice exhibited a significant increase in systolic blood pressure, endothelial dysfunction, and serum pro-inflammatory cytokines, including TNF-α and IFN-γ. Furthermore, toll-like receptor 3 activation during pregnancy exacerbated preeclampsia-like symptoms in IL-10-deficient mice [56] .
All these studies suggest that Tregs have potent antihypertensive properties, at least partly through released IL-10 production.
Molecular Mechanism Underlying Dysregulation of T Cell Subsets Contributing to Hypertension
Neoantigen Two-Hit Hypothesis
The neoantigen two-hit hypothesis was raised by Dr. Harrison's group [57, 58, 59] and updated recently [60•] . This is based on convincing evidence from their research showing that T cell activation is essential for the development of Ang II and salt-induced hypertension, and hypertensive stimuliinduced T cell activation is mediated by increased sympathetic outflow. Treatment with the vasodilator hydralazine to prevent hypertension and reduce T cell activation and vascular T cell infiltration induced by Ang II infusion was considered evidence that modest hypertension occurs first in this model, and this results in T cell activation and perivascular infiltration, which drive the progression to severe hypertension. Therefore, they hypothesized that initial vascular damage caused by modest hypertension leads to producing neoantigens, possibly generated by oxidative stress, which activate T cells through stimulation of dendritic cells and upregulation of costimulatory molecular expression.
This hypothetic paradigm might turn out to be true. However, it is difficult to find the neoantigens that specifically respond to the pathogenic T cells in hypertension. A similar hypothesis has been proposed for the pathogenesis of atherosclerosis, but decades of intense studies have failed to identify the relevant antigens recognized by pro-atherogenic T cells, despite the presence of several candidates. In addition, hydralazine may first block Ang II-sympathetic outflow-norepinephrine axis-stimulated mediators (e.g., IL-6), which inhibit T cell activation and lead to reduction of blood pressure.
Locally Increased IL6-Th17/Tregs Imbalance Hypothesis Human IL-6 is a secreted glycoprotein containing 184 amino acids with a four-helix-bundle structure. IL-6 expresses in many different cells, including hepatocytes, macrophages, T cells, perivascular adipocytes, fibroblasts, and vascular smooth muscle cells. It has extensive functions in different tissues. Increased IL-6 signaling strongly induces the expression of acute-phase proteins, such as C-reaction protein and serum amyloid A in the liver. CD4 + T cells differentiate into Th17 cells or Tregs, depending on the local cytokine milieu. Differentiation toward Th17 and Tregs is mutually exclusive.
Combined with TGF-β, increased IL-6 has been clearly shown to be essential to drive T17 cell differentiation and inhibit the development of Tregs from CD4 + T cells, leading to imbalance of Th17 cells/Tregs [61] . IL-6 also promotes CD8+ T cells to induce cytotoxic T cells [32] .
Serum IL-6 levels significantly increased in many hypertensive animal models [62, 63] . Luther et al. [64] showed that Ang II induced IL-6 expression through a mineralocorticoid receptor mechanism. Four different research groups [62, 65, 66, 67] have clearly shown that IL-knockout mice markedly blunted Ang II-induced hypertension. IL-6 is also essential for stress-induced hypertension [68] . All these data confirm that IL-6 contributes to the development of hypertension. Interestingly, recent studies have indicated that dysfunction of Th17/ Tregs differentiation also participates in the pathogenesis of hypertension. Amador et al. [43•] found Th17 cell activation and downregulation of Tregs in the peripheral tissue, heart, and kidney in DOCA-salt-induced hypertensive rats. Administration of spironolactone, which has been shown to effectively reduce salt-induced high blood pressure, prevented Th17 cell activation and increased Treg number in these DOCA-salt hypertensive rats. Treatment with an anti-IL-17 antibody reduced arterial hypertension and pro-inflammatory cytokines in these rats. Barhoumi et al. [49•] showed that Ang II induced hypertension and reduced Tregs by 43 % in the renal cortex. Adoptive transfer of Tregs reduced Ang IIinduced hypertension. Madhur et al. [41] found that Ang IIinduced hypertension was related to increased Th17 cells and IL-17 production. Genetic deletion of IL-17 blunted Ang-IIinduced blood pressure elevation. Chiasson et al. [69] showed that treating mice with tacrolimus (FK506) for 1 week decreased splenic Tregs and increased Th17 cells and developed hypertension. The treatment also resulted in markedly increased serum levels of IL-6, IL-17a, and IL-23. In addition, preeclampsia rats have been shown to display lower levels of Tregs and higher Th17 cells and IL-6 levels [70] . Adoptive transfer of CD4 + T cells from preeclampsia rats into normal pregnant rats induced a significant increase in blood pressure [25] . Taken together, these studies suggest that, through both directly and indirectly, hypertensive stimuli increase local IL-6 levels in the cardiovascular system and kidney, which may promote peripheral imbalance of Th17 and Treg differentiation. Increased IL-17 and decreased Tregs and IL-10 in PVAT and adventitia contribute to the development of hypertension in different animal models.
The next question is how hypertensive stimuli initially increase local IL-6 expression. Harrison's group clearly showed that Ang II stimulates T cell activation and infiltration in PVAT and hypertension, mainly through enhanced central sympathetic activity. Norepinephrine, a sympathetic terminal release substance, also promotes T cell activation and infiltration and the development of hypertension [28] . Norepinephrine stimulates IL-6 expression in other cells [71, 72] . Therefore, it is possible that Ang II mediates T cell activation and infiltration through central sympathetic released norepinephrine, which stimulates IL-6 expression, leading to dysfunction of Th17 cell/Treg differentiation and contributing to the pathogenesis as mentioned above. Recently, Harwani et al. [73•] provided some evidence in support of this concept. They showed that nicotine and Ang II enhanced the toll-like receptor (TLR)-mediated IL-6 release in prehypertensive SHR splenocytes, while nicotine inhibited the TLR-mediated IL-6 response in those of WKY rats. They confirmed that nicotine enhanced TLR-mediated IL-6 release in SHR and suppressed the effect in WKY rats in vivo. Like splenocytes, PVAT is also rich in autonomic nervous distribution, and it is reasonable to speculate that dysfunction of autonomic nervous systemmediated enhanced IL-6 expression in PVAT prior to the development of genetic hypertension in SHR.
Based on these published data, it is highly possible that increased IL-6 expression in PVAT by hypertensive stimuli, such as Ang II, stress by increased sympathetic outflow, autonomic nervous dysfunction in genetic hypertension, and environmental factors (e.g., obesity and vitamin D deficiency) with aging lead to an imbalance in Th17 cell/Treg differentiation and increased IL-17 and decreased IL-10 levels, which attract other activated immune cells, such as macrophages, producing TNF-α. Sustained increase in IL-6, IL-17, and TNF-α and a decrease in Tregs and IL-10 in PVAT lead to elevation in vascular tone, which triggers the development of hypertension. This hypothesis is depicted in Fig. 1 .
It is noted here that increased IL-6 may not contribute to all forms of hypertension. Sturgis et al. [63] reported that DOCA salt stimulated IL-6 expression and induced hypertension in wild-type mice, but there was no difference in DOCA saltinduced hypertension between IL-6 knockout and wild-type mice, despite only a limited number of animals used in each group. While further studies will be needed to confirm these results, alternatively, DOCA salt-induced IL-1β and TNF-α release [43•, 74] , both of which can induce Th17 cell differentiation [75, 76] , may contribute to an imbalance of Th17 cell/Tregs in DOCA salt-induced hypertension.
Clinical Evidence for Dysfunction of T Cell Subsets in Human Hypertension
Recent research has displayed that serum levels of proinflammatory cytokines, such as TNF-α and IL-6, are positively associated with EH [77] . While Th17 cells were markedly decreased in healthy compared to preeclamptic pregnancies, Tregs was significantly higher in normal compared to preeclamptic pregnancies [78] . These results indicate that preeclampsia in the absence of a normal system moving away from IL-17 production toward Treg generation, leading to imbalance of Th17/Tregs, may play a critical role in preeclampsia-induced hypertension. In a small study, eight patients with stage 1 EH and normal renal function received an immunosuppressor, mycophenolate mofetil, for their psoriasis or rheumatoid arthritis. The treatment significantly reduced their blood pressure over 3 months, suggesting that immune suppression effectively lowers human elevated blood pressure [79] . A cohort study examined the effect of HIV infection and highly active antiretroviral therapy on hypertension in 5578 participants. Seaberg et al. [80] found that, controlling for age, race, body mass index, and smoking, HIV-positive men not taking antiretroviral therapy with lower CD4 + T cells had significantly lower systolic blood pressure than HIV-negative men. The patients receiving highly active antiretroviral therapy for more than 2 years (increased CD4 + T cells) had a markedly increased risk of developing hypertension. These results indicated that CD4 + T cells participate in the development of human hypertension. Recently, Youn et al. [81•] showed increased C-X-C chemokine receptor type 3, a tissue-homing chemokine serving as a T cell attractant, and cytotoxic CD8+ T cells, which secrete TNF-α, IFN,-γ, and granzyme B, in human hypertensive patients. Unfortunately, the studies did not measure serum or local IL-6 levels to determine whether IL-6 induces cytotoxic CD8 + T cells. Whether increased cytotoxic CD8 + T cells contribute to the development of human hypertension or result from hypertension remains unclear. Overall, these preliminary human data suggest that T cells, especially subsets of CD4 + T cells, may participate in human hypertension. Fig. 1 A schematic diagram shows that hypertensive stimuli through interaction of genetic (e.g., dysfunction of autonomous nervous system in SHR) and environmental factors (e.g., obesity, high-salt diet, and vitamin D deficiency) with aging increase IL-6 level in adventitia and perivascular adipose tissue (PVAT) from adipocytes, fibroblasts, and vascular smooth muscle cells. A locally higher level of IL-6 functions as a chemokine of CD4 + T cells to stimulate their differentiation to Th17 cells producing high levels of IL-17, and inhibits them from generating Treg cells, leading to lower IL-10 levels. Increased IL-17/IL-10 ratio in adventitia and PVAT will attract and activate macrophages to produce TNF-α. A sustainable increase in IL-6, IL-17, and TNF-α and a decrease in Treg cells and IL-10 in perivascular settings will trigger an elevation in vascular tone and BP
Conclusion
A growing body of evidence supports the critical role of T cells in experimental and human hypertension. One key advance is the finding that imbalance of distinct functions of T cell subsets could be an initiating event in the pathogenesis of hypertension, based on the studies predominantly in rat and mouse models. While hypertension-specific neoantigens may be identified in future studies as key factors mediating T cell activation, locally increased IL-6 levels by different hypertensive stimuli may act as an initiating factor to trigger an imbalance of Th17 cell/Tregs in PVAT that play a critical role in the pathogenesis of hypertension. These newly acquired insights mainly found in animal models may implicate in human application for EH that will lead to novel approaches in the prevention and treatment of EH.
Acknowledgments This work was supported by LB692 Clinical and Translational Research Grant (to S Chen) and NIH R01 HL120659 (to DK Agrawal). The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.
Compliance with Ethics Guidelines
Conflict of Interest Songcang Chen and Devendra K. Agrawal declare that they have no conflicts of interest.
Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
